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PIEZOELECTRIC CERAMICS AND METHOD OF MANUFACTURING THE SAME, 
ACTUATOR AMD METHOD OF MANUFACTURING THE SAME. 
PRINTING HEAD AND INK JET PRINTER 

S Priority is claimed lo Japanese Patent Application No- 2002-341460, filed on 

November 25, 2002 and Japanese Patent Application No. 2003-133743, filed on May 12, 
2003, the disclosure of which is incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

10 I . hield of the Invention 

The present invention relates to piezoelectric ceramics and a method of 
manufacturing the same, an actuator and a method of manufacturing the same, and a 
printing head and an ink jet printer and, more particularly, to piezoelectric ceramics and an 
actuator (i.e., multilayer piezoelectric pile) that are suitable for piezoelectric sensors, for 

15 example, acceleration sensor, knocking sensor, AE sensor ur the like, fuel injector, printing 
head for ink jet printer, piezoelectric resonator, oscillator, ultrasonic motor, ultrasonic 
oscillator and filter, and can be advantageously used particularly for a printing head that 
utilizes vibration of 2-dimcnsional vibration of expansion and contraction or linear 
vibration in longitudinal direction or in the direction of the thickness, and a method of 

20 manufacturing the same, and a printing head and an ink jet printer. 

2. Description of Related Art 

Piezoelectric ceramics have been used in, for example, piezoelectric actuator, 
filter, piezoelectric resonator (oscillator included), ultrasonic oscillator, ultrasonic motor 
25 and piezoelectric sensor. 
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Among these devices, the piezoelectric actuator is used as the positi ning 
piezoelectric actuator tor an X-Y stage of semiconductor manufacturing equipment, the 
actuator for ihc printiiiK head of ink jet printer or the like, by making advantage of the very 
high response of the piezoelectric pile to electrical signals, in the order of 10* seconds. 
5 The ink jet printing head is mounted to various printers wherein characters or images arc 
printed by discharging a drop of ink from a fine ink outlet orifice, recorders, facsimiles, or 
inkjet printers such as printer used for formation of patterns in the fields of textile printing 
and ceramic industry. 

Piezoelectric ceramics employed in these applications have hitherto been 
1 0 manufactured by directly interposing a ceramic green sheet having several hundreds of \xm 
between a pair of setters mode of a porous sintered body, followed by firing. 

'Ibere is also proposed a method of adjusting flatness of the sintered body in a 
range from 30 to 100 jirn by arranging spacers on a setter base made of the porous material, 
arranging a setter cover on the spacers to form space, arranging a green sheer in the space, 
15 and firing the green sheet while keeping the space formed between die j»rccu sheet and die 
setter cover in a range from 30 to 100 urn (see, for example, Fig. 3 of Japanese 
Unexamined Patent Publication No. 2000-281453). 

When the ceramics body thus obtained is applied to a piezoelectric material, since 
smoothness of ceramics can be set to a given value or less, .it is made pn&rihlc to avoid 
20 breakage when an actuator is fixed unto die plane such as metal plate so as to fix into a 
printer. Therefore, it is preferably used as the actuator for the printing head of ink jet 
printer or the like, the posiiioning piezoelectric actuator for an X-Y stage. 

However, according to the method of firing the green sheet while interposing 
between porous materials described in Japanese Unexamined Patent Puhlication No. 2000- 
25 281453, a component that is easy to evaporate through pores is evaporated and significant 
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in-plane variation in composition occurs in cose f obtaining an actuator having a thickness 
of 100 vl m or less. It is difficult to contml the surface state of the porous material, the 
resulting piezoelectric ceramics have increased flatness. Furthermore, deposition of 
particles degranulatcd from the setters increases flatness and surface roughness of the. 
5 sintered body. 

According to the method of firing the thin green sheet described in Japanese 
Unexamined Patent Publication No. 2000-281453, a space between the setters and the 
green sheet is at least 30 pun. Therefore, in case of obtaining an actuator having a 
thickness of 1 00 /zmor less, flatness of ceramics increases relative to the thickness. 
1 0 In case of large flatness, since piezoelectric ceramics are stretched so as to correct 

its curved state into a planar state when on actuator is fixed to a supporting substrate, 
residual stress is distributed unevenly across the piezoelectric actuator. In the case of an 
actuator having a thickness of 100 pl in or less, comprising a piezoelectric substrate and a 
plurality of displacement elements provided on the piezoelectric substrate, its piezoelectric 
15 constam varies drastically depending on the displacement elements. 

Therefore, there have been required to develop piezoelectric ceramics having 
small flatness and less in-plane variation in piezoelectric constant* and an actuator that has 
small flatness and also exhibits less in-plane variation in d constant even after bonding on 
the supporting substrate. 

20 With recent development of multimedia, a non-impact type recording apparatus 

that employs an ink jet system or a heat transfer system has been developed in place of an 
impact type recording apparatus, and thus it has been spreading in Ihu fields of various 
industries and domestic field. 

Among these non-impact type recording apparatuses, a recording apparatus that 

25 employs an ink jet system has a bright future because of case f multi-gradation and 
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coloration as well as 1 w running cost. 

As shown in Fig. 9(a), a printing head that employs an ink jet system has such a 
Structure that a plurality of channels arc arranged in parallel as ink flow passages 23a and 
an actuator is provided on flow passage members 23 formed with partition walls 23 b as a 
5 wall that partitions the respective ink flow passages 23a (see Fig. 1 uf Japanese 
Unexamined Patent Publication No. 1 1-34321). 

That is, an actuator is bonded with flow passage members 23 so that individual 
electrodes 26 arc disposed right on ink flow passages 23a as openings of flow passages 
members 23 in an actuator wherein a common electrode 25 is formed on one side of a 

10 piezoelectric layer 24 and a plurality of individual electrodes 26 are formed on the other 
side and a plurality of displacement elements 27 are provided. 

With such a configuration, a voltage is applied between the common electrode 25 
and the individual electrodes 26, thereby to vibrate the displacement elements 27, and thus 
ink in ink flow passages 23a is compressed and a drop of ink is discharged from ink outlet 

15 orifices 28 that open at the bottom of the flow passage members 23. 

As shown in Fig. 9 (b), o lot of individual electrodes 26 are arranged in parallel on 
a piezoelectric layer 24 at equal distances to form a printing head provided with a lot of 
displacement elements 27, thereby making it possible to contribute to realize high speed 
and high accuracy of an ink jet printer. 

20 It has recently been developed about an ink jet printer with high speed and high 

accuracy. As a result, the displacement element 27 having a close relation with discharge 
of ink, especially the piezoelectric layer 24 requires thickness reduction and piezoelectric 
characteristic with high accuracy. Specifically, a piezoelectric actuator with less variation 
in characteristic is required. 

25 For the purpose of making the thickness of the ceramic layer and the piezoelectric 
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layer uniform, there is made a trial of previously decreasing an amount of a solvent in a 
slurry for formation of a tape to around 1/3 of the amount of the prior art thereby to reduce 
variation in Thickness during drying, makinu liic thickness of the slurry uniform by passing 
through a plurality of rolls and subjecting the slurry to the drying step, thus reducing 
5 variation in green sheet having a thickness of 500 u m (Japanese Unexamined Patent 
Publication No. 2000-232035). 

However, according to the method of decreasing the amount of the .solvent 
described in Japanese Unexamined Patent Publication No. 2000-232035, the slurry for 
formation of a tape has high viscosity and the tape thus formed has large thickness. 

10 Usually, a thick tape having a thickness of several hundreds of micrometers is merely 
formed because of less shrinkage caused during drying, and a thin tape having a thickness 
of 50 p. m, especially several tens of micrometers can not be formed. To the contrary, the 
amount of the solvent contained in Lhe slurry fur furmutioii of a tape must be increased so 
as to form a thin tape, and thus variation in thickness occurs during the drying step. 

15 Consequently, a thin tape with less variation in thickness can not be formed. 

Therefore, a thin laminated piezoelectric pile having a thickness of 1 00 ix m or 
less with less in-plane variation in thickness is required. 

SUMMARY OF THE INVENTION 

20 The piezoelectric ceramics of the present invention have been completed based on 

such a finding that deformation of a green sheet can be suppressed by firing while 
contacting the green sheet with a supporting member having dense and flat surface 
(especially while interposing the green sheet between supporting members) and 
evaporation from the green sheet can also be suppressed. According to the present 

25 invention, piezoelectric ceramics having small flatness and less variation in dielectric 
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constant can be manufactured, thus making it possible to reduce in-plane variation in 
piezoelectric constant 

The piezoelectric ceramics of ihc present invention lias a thickness of 1 00 /x m or 
less, surface flatness of 20 & m or less and maximum surface unevenness of 3 m m or less, 
5 and in-planc variation in dielectric constant is 5% or less of an average dielectric constant. 

When the resulting piezoelectric ceramics arc applied to an actuator, variation in 
displacement due to deformation of ihe pie'/nelectric ceramics can be suppressed and 
therefore variation in ink discharge amount for printing head of an ink jet printer can be 
suppressed. 

JO The method of manufacturing piezoelectric ceramics of the present invention 

comprises firing a green compact made of a piezoelectric ceramic powder while contacting 
with the surface (principal plane) of n supporting member whose surface having porosity 
of 5% or less and flatness of 20 u or less. Consequently; aforementioned piezoelectric 
ceramics can be manufactured 

15 The green compact is preferably fired while being interposed between a pair of 

the supporting members. Consequently, it is made possible to easily achieve flatness of 
7.0 ii m or less even in case of thin piezoelectric ceramics having a thickness of 100 u m 
or less. 

It is preferable that the green compact is made of a stock material powder of a 
20 peruvskitc compound containing Pb and the green compact is fired while being inserted 
into a sealed space. Consequently, piezoelectric ceramics with less variation in 
characteristic can be easily obtained even when using a green compact containing Pb as a 
volatile component. 

It is preferable to satisfy the relations represented by the following expressions (1) 

25 and (2): 
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1.0001 X (V2+V3) £ VI ^ 4,0000 X (V2 I V3) (1) 
0.02 x V3 < V2 < SO X V3 (2) 
where VI denotes a volume of a scaled space, V2 denotes a volume of a heavy object and 
V3 denotes a volume of a green compact, when a heavy object having surface roughness 
S Ra of I ;x m or less, flatness of 20 u m or less and a volume V2 is placed on a green 
compact having a volume V3 and they arc inserted into a scaled space having a volume VI . 
Consequently, it is made possible to suppress evaporation of the volatile component from a 
material to be fired and lo effectively suppress variation in piezoelectric characteristic. 

The actuator of the present invention comprises a piezoelectric substrate made of 
10 aforementioned piezoelectric ceramics, a plurality of surface electrodes provided on die 
surface of the piezoelectric substrate, and an internal electrode provided inside the 
piezoelectric substrate. Consequently, it is marie pnssihle rn realize an actuator that has 
small flatness and also exhibits less in-plane variation in piezoelectric constant even after 
bonding on the supporting substrate. It is particularly preferable that the piezoelectric 

15 ceramics contain Pb and the internal electrodes contain Ag. Consequently, it is made 
possible to lower the firing temperature in case of a piezoelectric pile containing Pb. 

It is important to suppress in-plane variation in thickness of an actuator having a 
thickness of 100 fx m or less so as to reduce variation in displacement of a lot of 
displacement elements provided on the surface of a piezoelectric substrate. It is important 

20 to form a green compact for formation uf a tape using, fine stuck material powders and to 
press the green compact so as to reduce variation in displacement Consequently, it is 
made possible to manufacture thin piezoelectric ceramics and to realize a printer capable of 
printing with higher speed, higher resolution and higher accuracy by using die resulting 
thin piezoelectric ceramics as a printing head of an ink jet printer. 

25 Another actuator (laminated piezoelectric pile) f the present invention comprises 
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a piezoelectric substrate made of a plurality of piezoelectric ceramics layers and a plurality 
of displacement elements provided on the surface of the piezoelectric substrate, and the 
displacement elements comprises a pair of electrodes and a piezoelectric layer interposed 
among them, wherein a thickness of the piezoelectric ceramics layers and the piezoelectric 
5 layers is 50 u m or less, a total thickness is 100 u m or less, and in-plane variation in 
total thickness is 1 0% or less. 

Tt is particularly preferable that the thickness of the electrodes is from 0.5 to 5 u 
m. Consequently, it is made possible to further reduce in-plane variation in thickness of 
the electrodes formed partially and to further suppress in-plane variation in displacement 

10 Tt is preferable that the thickness of the piezoelectric ceramics layers and the 

piezoelectric layers is from 5 to 15 /xm or less and the total thickness is from 20 to 60 m 
m or less. Control of the thickness of the respective layers and the total thickness makes 
it possible to further suppress variation in displacement and in-plane variation in thickness 
of the respective layers and the total thickness and to obtain a laminated piezoelectric pile 

15 thai exhibits stable displacement. 

The method of manufacturing an actuator of the present invention comprises a 
mixing step of a pic/neleclric ceramic powder having an average grain *i7.k of 1 p m or 
less and an organic binder component to prepare a slurry for formation of a tape, a forming 
step of forming the slurry for formation of a tape obtained in the mixing step into a green 

20 shccL by a tape funning process, a pressing step of pressing the green sheet obtained in the 
forming step, a laminating step of applying electrodes on the green sheet obtained in the 
pressing step and laminating the green sheets to obtain a laminated green compact, and a 
firing step of firing the laminated green compact obtained in the laminating step. 
Consequently, it is made possible to obtain aforementioned actuator, 

25 The method of manufacturing an actuator of the present invention comprises the 
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step of firing a plurality of green compacts mode of a piezoelectric ceramic powder and a 
plurality of supporting members, each having the surface (principal plane) which has 
porosity at surface portion of 1% or less and flatness of 20 jzm or less, while being 
laminated one on another. Consequently, it is made possible to improve the flatness of 
5 the piezoelectric ceramics and to stahly from a lead atmosphere in the furnace, and thus 
distribution of piezoelectric characteristic of die substrate is stabilized and variation in d 
constant in the substrate can be more reduced. 

The actuator of the present invention can be preferably used for a printing head of 
an ink jet printer. The printing head of the present invention comprises a supporting 
10 substrate comprising ink Mow passages provided inside, and aforementioned actuator 
provided on the supporting substrate via an adhesive layer. Consequently, it is made 
possible to realize a printing head that enables stable printing, and the resulting printing 

head can be used preferably for an ink jet printer. 

Furthermore, the jet printer of the present Invention comprises aforementioned 
15 printing head, paper feeding averages for feeding a paper printing medium to be printed to 
the printing head, and paper ejecting averages for ejecting the printing medium printed 
using the printing head. 

BRIEF DESCRIPTION OF THE DRAWINGS 
20 Fig. 1(a) and Fig. 1(b) arc schematic sectional views for explaining a method of 

manufacturing piezoelectric ceramics in the first embodiment of the present invention. 

Fig. 2 is a schematic sectional view for explaining another method of 
manufacturing piezoelectric ceramics in die first embodiment of the present invention. 

Fig. 3(a), Fig. 3(b) and Fig. 3(c) are respecdvely a schematic sectional view 
25 showing an actuator of the present invention, a schematic plan view showing sectional 
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view showing, and a schematic sectional views showing an uclualur bunded with a 
supporting substrate. 

Fig. 4 is a schematic sectional view showing an actuator in the second 
embodiment of the present invention. 
5 Fig. 5 is a schematic sectional view showing a structure of an ink jet printing head 

thai employs the acLuator shown in Fi>». 4. 

Fig. 6 is a schematic sectional view for explaining a method of manufacturing an 
actuator in the third embodiment of the present invention. 

Fig. 7 is a schematic sectional view for explaining a method of manufacturing an 
10 actuator in the third embodiment of the present invention . 

Fijtu 8 is a schematic sectional view showinft an actuator bonded with a supporting 
substrate used in examples. 

Fig. 9(a) and Fig. 9(b) are respectively a schematic sectional view showing a 
laminated piezoelectric pile of the prior art and a schematic plan view showing a laminated 
1 5 piezoelectric pile of the prior art 

DESCRIPTION OF PREFERRED EMBODIMENTS 
<First Embodiments 

It is important that a thickness of the piezoelectric ceramics of the present 
20 invention is 1 00 ji m or less. Piezoelectric ceramics with a larger displacement can he 
obtained by setting the thickness to 100 n m or less. To achieve larger displacement, the 
thickness of the piezoelectric ceramics is preferably SO p m or less, more preferably 65 
\i in or less, and still inure preferably 50 \i m ur less. 

The lower limit of the thickness of the piezoelectric ceramics is preferably 3 /z m 
25 or less, more preferably 5 umor less, still more preferably 10 amor less, and most 
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preferably 20 u m or less, so as to acliieve sufficient mechanical strength and to prevent 
breakage during handling and operation. 

It is also important that flatness of the surface is 20 /im or less in (he present 
invention. By setting the flatness of the surface of the ceramics to 20 /xm or less, 
5 variation in characteristic of the ceramics can be suppressed. To further make 
characteristic uniform, the flatness is preferably 15 /z ni or less, and more preferably 10 
/i m or less. The flatness of the surface refers to a largest value among values obtained 
from a difference between a maximum value and a minimum value of the height from a 
reference plane measured by scanning the entire surface in a predetermined direction using 
10 a high-accuracy surface shape measuring apparatus (for example, combined apparatus of a 
laser focus displacement meter and an X-Y stage, manufactured by KEYENCE 
CORPORATION). 

It is also important thai a maximum value of unevenness of the surface of the 
piezoelectric ceramics is 3 a m or less in the present invention. When the surface has 
15 small unevenness, fine deformation of an actuator can be prevented in case of fixing a 
piezoelectric pile as the actuator to a metal substrate and the effect of reducing residual 
.stress can he enhanced. Also there i.s exerted the eHecr of suppressing evaporation of the 
volatile component through surface uncvenncss thereby to further reduce variation in 
composition. 

20 Surface roughness Ra described hereinafter averages surface roughness in a range 

(measuring range) of 100 At m X 100 jzm. The flatness refers to wavincss including 
warp of the piezoelectric ceramics. To the contrary, aforementioned surface unevenness 
is evaluated in an intermediate range between the range of the surface roughness Ra and 
the range of the flatness. The evaluation in the intermediate range averages the degree of 

25 partial wavincss and variation in characteristic can be easily improved by reducing partial 
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wavincss. 

According to a specific method of measuring surface flatness, a sample is scanned 
in an area thai accounts for 1 0% of (he entire surface (about 2 to 10 mm square) using a 
high-accuracy surface shape measuring apparatus (for example, combined apparatus of a 
ft laser focus displacement meter and an X-Y stage, manufactured by KEYENCE 
CORPORATION) and, after mapping the height of the surface, the surface flatness is 
obtained from a difference between a maximum value and a minimum value of the height 
from a reference plane. 

It is also important that in-plane variation in dielectric constant is 5% or less of an 
1 0 average dielectric constant By calculating an average value of measured a dielectric 
constant of the surface of the piezoelectric ceramics and setting a maximum value of 
variation from the average value in 5% of the average value, variation in piezoelectric 
characteristic in the substrate of the actuator can be suppressed. 

The surface roughness Ra of the surface of the piezoelectric ceramics is preferably 
15 3 u m or less, more preferably 2.5 u m or less, and still more preferably 2 ^m or less. 
When the surface has small roughness Ra, fine deformation of an actuator can be 
effectively prevented in case ol" fixing a piestficlecrric pile as the actuator to a mela! 
substrate and the effect of reducing residual stress can be enhanced- Also there is exerted 
the effect of suppressing evaporation of the volatile component through surface uncvenness 
20 thereby to further reduce variation in composition. 

The surface roughness Rn is determined by the following procedure. That 13, 
surface unevenness is measured by scanning an an-ta measuring inn /zm X 100 //m 
using an atomic force microscope (AFM) and, after calculating a maximum value, an 
average value of values measured at random five points in the surface is calculated 
25 The piezoelectric ceramics can be made uf a ceramic material that shows 
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piezoelectricity, such as Di layer compound, material having tungsten- bronze structure, 
alkali niobate compound of perovskite structure, lead magnesium niobate (PMN-based 
compound), lead nickel udobutc (PNN-based compound), lead zirconatc titanatc (PZT) 
containing Pb, and lead titanate, 
5 Among these materials, a perovskite compound containing ai least Pb is 

preferable. Examples of the perovskite compound containing Pb include lead magnesium 
niobate (PMN-based compound), lead nickel ninhate (PNN-hascd compound), lead 
zireonate tilanate (PZT) containing Pb, and lead lilauatc. With die composition, a 
piezoelectric vibration layer 4 having a high piezoelectric constant can be obtained. 

10 Among these materials, lead zirconale titanate containing Pb and lead titanate are 
preferable for obtaining larger displacement. 

Aa an example of a pcrovslritc crystal, a crystal containing Pb aLs a constituent 
element ul site A and Zr and/or Ti us constituent element at site B can be preferably used. 
It is possible to mix with other oxides and other elements as auxiliary components may be 

15 substituted at site A and/or site B as far as characteristics are not adversely affected. 
Specifically, auxiliary components may be solid solution of Pb(Za 1 ^Sb 2 ^)0 3 and 
Pb(Ni w Te,J03. 

It is preferable to further include an alkali earth clement as the constituent clement 
at site A in the perovskite crystal. Examples of the alkali earth element include Ba, Sr and 
20 Ca, and Ba and Sr arc particularly preferable since Uicy enable it to achieve greater 
displacement Consequently, relative dielectric constant is improved, thus making it 
possible to obtain a higher piezoelectric constant. 

Specifically, for example, a compound having composition of Pbj. 
^S^Ba/Zn^Sb^XCNi^Te^^Zr^T^ + awt%Pb l/2 NbO3(0 ^ x £ 0.14, 0 Si y 
25 ^ 0.14, 0.05 ^ a ^ 0.1, 0.002 ^ b ^ 0.01, 0.44 ^ c ^ 0.50, a - 0.1 to 1.0) 
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may be used. 

The piezoelectric ceramics preferably contain 0.1% by weight or less, preferably 
0.07% by weight or less of carbon. Since carbon has a relation with insulating properties 
of a piezoelectric pile and causes poor insulation upon polarization, setting of the carbon 
5 content in the above range makes it possible to suppress current flow upon polarization and 
to polarize to a saturated polarization state. Therefore, poor displacement due to poor 
polarization ran hft prevenlerl. 

Porosity of the piezoelectric ceramics is preferably 5% or less, more preferably 
1% or less, and most preferably 0.5% or less. Reduction of the porosity makes it possible 
10 to increase the strength of the piezoelectric ceramics and to suppress breakage of thin 
piezoelectric ceramics. When using as an ink jet printing head, it is made possible to 
effectively suppress ink leakage due to permeation of ink into the ceramics. 

When using the piezoelectric ceramics of the present invention as an actuator for a 
printing head of an ink jet printer, cL,, mode is used as a piezoelectric strain constant To 
15 exhibit sufficient discharge ability for a printing head of an ink jet printer and to realize 
printing with higher speed and higher accuracy, d 3] is preferably ISO pm/V or more, more 
preferably 200 pm/V or more, and most preferably 250 pm/V or more. 

Now the method of manufacturing the piezoelectric ceramics of the present 
invention will be described below in the case of applying to an actuator used for a printing 
20 head, usiu& PZT us the piezoelectric ceramics. 

First, PZT powder having purity of 99% and an average grain size of 1 ^ m or 
less was prepared as the material to make the piezoelectric ceramics. A mixture of the 
PZT powder and an organic binder is formed into a tape and the tape is coated with an Ag~ 
Pd paste that makes the internal electrode on a desired pirt thereot and then via holes are 
25 formed on a desired part thereof and electrodes arc formed inside the via holes. The 
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resulting gr ee n sheets arc laminated one on another and optionally cut into o specific 
shape. 

To Hie the resulting green compact, the green compact is put in a firing furnace 
while being placed on a jig. An example of arrangement is shown in Fig. 1(a). A green 
5 compact 102 is disposed on a lower supporting member 101a. It is important that the 
surface 104a of the lower supporting member 101a has porosity of 5% or less and flatness 
of 20 ix m or less and the .surface I U4a. is contacted with the green compact 1 02. 

As shown in Fig. 1(b), a spacer 105 is disposed on the lower supporting member 
101a and a top plate 106 is disposed on the spacer 105 to form a sealed space 107 by a 

10 firing jig comprising the lower supporting member 101a, the spacer 105 and the top plate 
106, and then the green compact 102 may be 6 red by interposing into the space. Since 
evaporation of a green compact containing a volatile component can be suppressed by 
providing such a sealed space 107, the giccn compact can be fired without disposing a 
combination material around the green compact, like the prior art. 

15 The term "sealed space 107" as used herein refers to a space which is not 

provided by merely assembling the above firing jig, but which can suppress scatter of the 
volatile componeni from the sealed space by enhancing sealability of the plane where the 
supporting, member, the spacer and the top plate arc mutually contacted by averages of 
mac hinin g such as grinding or polishing, chemical polishing or the like. Examples 

20 thereof include those having smooth surface achieved by enhancing parallelism of the 
surface by averages of lapping and reducing the surface roughness. 

In case the green compact is fired while being inserted into the sealed space, it is 
preferable to satisfy the following conditions. It is preferable to satisfy the following 
relations: 

25 L0001 X (V2 I V3) £ VI ^ 4.0000 X (V2 I V3) (1) 



2803*11 E24B(B) 17:07 FUKAI&CO. (FAX)08 6920 1380 P. 021/084 

0.02 X V3 ^ V2 ^ 50 X V3 (2) 

where VI denotes a volume of a sealed space 107, V2 denotes a volume of an upper 

supporting member 101b (heavy object) aud V3 denotes a volume of a green compact 102* 

When VI is smaller than L0001 x (V2 + V3), clearance between the upper 
5 supporting member 10 lb and the spacer 105 decreases and expansion and shrinkage are 
caused by heating and cooling during firing, thereby to cause biting and to drastically 
lower operability. On the. other hand, when VI is larger than 4.0000 x (V2 + V3), the 
amounl of Lhu volatile component evaporated from the green compact increases and 
variation in composition occurs, thereby to increase variation in piezoelectric characteristic 
10 in the substrate. When V2 is smaller than 0.02 x V3, there is a tendency that the 
resulting sintered body has uncvenncss. On the other hand, when V2 is larger than 50 X 
V3, variation in shrinkage rate of ceramics occurs and variation in piezoelectric 
characteristic sometimes increases. 

Tf the green compact 102 is disposed on the lower supporting member 101a, a 
15 member to be disposed on the green compact 102 is not limited and, for example, a porous 
material may be disposed. It is preferable that an upper supporting member 101 b having 
the same surface as that of the lower supporting member 101a is placed while interposing 
the green compact 102 between a pair of lower supporting members 101a, 10lb, whereby, 
variation in composition can be effectively suppressed and flatness of 20 jumor less can 
20 be easily achieved* 

It is important that the surface 104 of lower supporting members 101a, 101b, 
which is contacted with the green compact 1 02, has flatness of 20 u m or less. Since the 
supporting member 101 is contacted with the green compact 102, the flatness of the 
surface of the sintered body obtained by firing the green compact 107 can be reduced by 
25 making the surface 104b Bat, thus making it possible to obtain piezoelectric ceramics 
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having flat surface. To obtain a sintered body having smaller flatness, the surface f the 
supporting member 101 preferably has flatness of lb ^ m or less, and more preferably 10 
p. m or less. 

It is important that the surface portion of the green compact 102, which is 
5 contacted with the supporting member 101, preferably has porosity of 5% or less, more 
preferably 1% or less, and most preferably 0.5% or less. When the surface 104 having 
small porosity of the supporting member 101 is dense, degrannlation scarcely occurs and 
the amount of particles tu be deposited un the surface of the green compact decreases, thus 
making it possible to improve the flatness and surface roughness of the piezoelectric 
10 ceramics obtained by sintering. 

The surface portion averages outermost surface on the surface 104 that forms a 
contact facet with the green compact 107.. Since the surface must he polished before 
measuring porosity, iiiiiiiiiiuiu thickness is required for actual polishing, for example, 
several micrometers and the portion having this minimum thickness is Substantially 

15 referred to as the surface portion. 

In the supporting member made of a porous material of the prior art, the 
component evaporated from the green compact 102 during firing scatters outside through 
continuous pores of the supporting member. According to the present invention, scatter 
of the volatile component can be remarkably suppressed because the supporting member 

20 101a having a dense surface portion of the surface 104 is used. As described above, ill- 
plane variation in piezoelectric characteristic can be further improved by suppressing 
evaporation of the volatile component from the green compact 102. 

The entire support member 101 is preferably dense. Such a dense material can 
he regenerated at low cost by processing the surface. It is also possible to use a sintered 

25 body having a dense surface, the inside of which has comparatively high porosity* hi case 
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ihe surface porti n is easily sintered as compared with the insid during sintering, the 
surface layer preferably has porosity of 5% or lass, I % or less, or 0.5% or less at a distance 
of 0.1 mm, 0.3 mm or 0*3 mm from the surface. 

If necessary, only the surface can be densifiecL For example, the porosity of the 
5 surface 104 of the supporting member 101 can be set Lu 0.1% or less by polishing Uic 
surface of a ceramic sintered body whose surface has porosity of about 2 to 8% and coating 
with a ceramic layer. It is possible tn control the porosity of the surface to 1% or less and 
the flatness lu 20 fx m ur less by forming the ceramic layer having a thickness of at least 
several tens of micrometers, preferably SO /imor more, and most preferably 100 /im or 

10 more using a CVD (chemical vapor deposition) method, followed by minor polishing. 
This is particularly effective in case the cost required to make the entire large-sized 
supporting member using a dense sintered body is high, or in case a dense sintered body is 
hardly made or the green compact is likely to react with the supporting member. 

The surface roughness Ra of the surface 104 of the supporting member 101 is 

15 preferably 3. u m or less, more preferably 2.5 /x m or less, and must preferably 2 \i in ur 
less. Consequently, it is made possible to further improve the flatness of the piezoelectric 
ceramics. In-plane variation in composition can also be suppressed by vaporizing the 
volatile component from the green compact through clearance between the green compact 
and the supporting member, which serves as a diffusion path. 

20 The sup polling member 101 used in the present invention preferably contains at 

least one kind selected from the group consisting of alumina, beryllia, zirconia, magnesia, 
mullitc, spinel structure, bismuth layer compound, compound of tungsten bronze slrueiuie, 
compound of Pb-bascd pcrovskite structure, compound of niobium-based perovskite 
structure ftnri compound of tantalum-based pcrovskite structure. These materials are 

25 materials that have the same quality as that of the piezoelectric pile, or have poor reactivity. 
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Therefore, the reaction with the green sheet is suppressed, thus making it possible stabilize 
characteristic of the piezoelectric pile. 

In ease llic supporting member 101 is made of zirconia, it preferably contains at 
least one kind selected from the group consisting of CaO, MgO, Y 2 0 3 and rare earth 
5 elements. This suppresses phase transformation of zirconia during heating or cooling 
upon firing and also suppresses breakage (for example, cracks, chipping, etc.), deformation 
and change in surface roughness. 

A average ^rain size of crystal constituting the supporting member 101 is 
preferably from 5 to 30 txm, more preferably from 10 to 25 M m, and most preferably 
10 from 15 to 20 u m» so as to reduce deformation due to heating or cooling and to prevent 
severe cracks and chipping from occurring. 

In case a plurality of green compacts are fired, a plurality of green compacts may 
be disposed uu a supporting member 101 having a large width, and also a plurality of firing 
jigs shown in Fig. 1 (b) may be used in the state of being laminated one on another. 
15 Furthermore, as shown in Fig. 2, spacers 115 and supporting top plates US, which serve as 
a supporting member and a top plate, are alternatively laminated on a supporting member 
II ia to form a plurality of sealed spaces 117, and then a green compact 112 is disposed 
inside the scaled space and an upper supporting member 111b can also be disposed 
thereon. 

20 Prior to firing of a green compact 102, it may be deblnded at a temperature of 

about 400 to 900°C, if necessary. A surface electrode is formed on the surface of the 
resulting sintered body, followed by polarization, thus making ix possible to obtain an 
actuator. 

As riftscriheri above, when employing ihe method of manufacturing the 
25 piezoelectric ceramics of the present invention, deformation of the piezoelectric ceramics 
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caused by variation in shrinkage during firing con be reduced even in case of 
manufacturing an actuator comprising a thin layer having a thickness of 100 ;i m or less- 
Therefore, residual stress produced when fixed to a supporting member such 03 flow 
passage member and the d constant of a lot of displacement elements constituting the 
5 actuator becomes uniform, thus making it possible to remarkably reduce variation in 
displacement Also characteristics with higher speed and higher accuracy can be 
improved hy applyi ng the actuator to a printing head of an ink jet printer. 

While the embodiment has been described with respect to the case of the 
piezoelectric actuator by way of example, the piezoelectric displacement element of the 

10 present invention can be applied to piezoelectric meters, for example, acceleration meter, 
knocking meter, AE meter or the like, fuel injector; printing head for ink jet printer, 
piezoelectric resonator, oscillator, ultrasonic motor, ultrasonic oscillator and filter. In 
addition to the piezoelectric actuator. 

The actuator of the present invention comprises a piezoelectric substrate made of 

15 aforementioned piezoelectric ceramics, a plurality of surface electrodes provided on the 
surface of the piezoelectric substrate, and an internal electrode provided inside the 
piezoelectric substrate. As shown in Fig- 3(a). an actuator 1 comprises a piezoelectric 
substrate 2 made of piezoelectric ceramics, an internal electrode 5 provided inside the 
piezoelectric substrate 2 and a plurality of surface electl-rodes f> provided on a portion of the 

20 surface of die piezoelectric substrate 2, while a displacement clement 7 is composed of a 
piezoelectric layer 4 (piezoelectric vibration layer) formed on the surface portion of the 
piezoelectric substrate 2. the internal electrode 5 and the surface electrode 6. 

In the actuator 1, as shown in Fig. 3(b), surface electrodes? 6 are arranged two- 
dimensional ly at regular intervals, each being independently connected to an external 

25 electronic control circuit. When a voltage is applied between the electrodes, it is made 
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possible to make a displacement of the piezoelectric vibration layer 4 at site interposed 
between the internal electrode 5 and surface electrodes 6 tn which rhc voltage is applied. 
As described above, application of the respective displacement elements 7 to an 
independently controlled printing head makes it possible to contribute to realize higher 
5 speed and higher accuracy of die ink jet printer. 

By setting the flatness of the surface of the piezoelectric substrate 2, i.e. flatness 
of the surface of the piezoelectric layer 4 to 20 /i m or less, as shown in Fig* 3(c), even if 
the actuator 1 having flat surface of the present invention is bonded with a supporting 
member 3 provided with grooves 3a formed by partition wall$ 3b, the actuator 1 causes 

10 less deformation during bonding and residual stress can be reduced, and thus variation in 
characteristic per displacement element can be reduced. 

The internal electrode 5 is preferably made of a material which contains at least 
Ag and has conductivity and the material includes, for example, Au, Ag, Pd, Pt, Cu, Al, or 
an alloy thereof. Among these materials, Ag is preferable in view of excellent 

15 sinlurabilily, excellent conductivity and low cost. In case ihc piezoelectric ceramics 
contain Pb, Ag is preferably used as the material of the internal electrode 5 so as to 
decrease the firing temperature. 

The thickness of the internal electrode 5 and surface electrode 6 must be set so 
that the elecJrodes havft satisfactory conductivity without adversely, affecting the 

20 displacement, and is preferably from 0.1 to 5 m m, more preferably from 0.5 to 5 n in, 
and most preferably from 1 to 2 /i m. Particularly, the thickness of the internal electrode 
is preferably from about 1 to 3 u m and the thickness of the surface electrode is preferably 
from 0.2 to 0.5 /um. 

As shown in Fig. 3 (c), the printing head of the present, invention comprises the 

25 supporting member 3 and the actuator 1 bonded to the surface of the supporting member. 
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Inside the supporting member 3, a plurality of ink flow passages 3a are formed by partition 
walls 3b and ink can he discharged through ink nozzles 8 by compressing ink due to the 
displacement of the displacement element. 

According to the present invention, there can be provided a printing head 
5 comprising several hundreds of displacement elements provided at small intervals, which 
shows less variation in displacement, resulting in uniform ink discharge characteristic. 

The actuator comprising a piezoelectric substrate 2 made of piezoelectric ceramics, 
an intenud electrode 5 provided inside the piezoelectric substrate 2 and a plurality of 
surface electrodes 6 provided on a portion of the surface of the piezoelectric substrate 2 
10 can be manufactured by die meihod described in the following embodiment. 
<Second Embodiment^ 

Now this embodiment will be described below in the case of using an actuator 
used for an ink jet printing head, by way of example. 

As shown in Kig. 4, a laminated piezoelectric pile on he present invention is 
10 fabricated by providing a displacement element 7 on the surface of a piezoelectric substrate 
20 comprising piezoelectric ceramics layers 20a laminated thereon so that a piezoelectric 
layer 4 is interposed between a common electrode 5 and an individual elecirode 6> and a 
thickness of the entire laminated piezoelectric pile is denoted by the symbol T and a 
thickness of the respective piezoelectric ceramics layers 2(Ja and the piezoelectric layer 4 is 
20 denoted by the symbol t. 

In the laminated piezoelectric pile of the present invention, piezoelectric ceramics 
layers 20a are laminated and. for example, a plurality of displacement elements 7, each 
comprising a piezoelectric layer 4, a common electrode 5 and an individual electrode 6, are 
formed on the surface of a piezoelectric substrate 20 comprising four piezoelectric 
25 ceramics layers 20a laminated thereon. The thickness t of the respective piezoelectric 
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■ 

ceramics layers and the piezoelectric layer is appropriately decided by the characteristic of 
the material in he used and the sl7£ of elements. 

Specifically, it is important that the thickness of the laminated piezoelectric pile, 
that is, the total thickness of the actuator is preferably 100 ii m or less, more preferably 80 
6 ftmur less, and must preferably 60 \i in or less, su us Lu obtain a lar^c displacement. 
The piezoelectric substrate 20 and the piezoelectric layer A constitute a laminate because it 
becomes easier to incorporate an electric circuit into the laminated piezoelectric pile. It is 
important that the thickness t of the respective piezoelectric ceramics layers 20a and the 
piezoelectric layer 4, that constitute a laminate, is preferably set to SO ii m or less, more 

10 preferably 35 u m or less, and most preferably 20 n m or less. It is particularly 
preferable to control the thickness t to 20 /z m or less and the thickness T to 60 ji m or 
less so as to obtain excellent characteristic for actuator. 

The smaller the thickness T of the laminated piezoelectric pile, the better in view 
of increase of the displacement Since the mechanical strength and breakdown voltage 

15 arc lowered when the thickness T decreases, the lower liiuiL or die total lliickncss T of the 
actuator is preferably 10 n m or less, more preferably 15 ix m or less, and most 
preferably 20 u m or less, so as to achieve sufficient mechanical strength to prevent 
breakage during handling and operation, and to endure applied voltage. 

Also the lower limit of the thickness t is preferably S /i m or less, and more 

20 preferably 7 Mm or less, so as to achieve sufficient mechanical strength to prevent 
breakage during handling and operation, and to endure applied voltage. It is also 
preferable that variation in displacement and variation in thickness of the respective layers 
and total thickness are further improved and the thickness t is set in a range from 5 to IS 
u m p and also the thickness T is set in a range from 20 to 60 n m, which enables ii tn 

25 obtain the laminated piezoelectric clement that shows stable displacement 
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It is preferable that a lot of displacement elements 7 ore formed on the surface of 
the piezoelectric substrate 20 and also regularly arranged, twoKHmensionally, which 
enables it lu achieve higher accuracy. It is important that in-plane variation in thickness 
of a plurality of displacement elements 7 is preferably 10% or less, more preferably 8% or 
5 less, and most preferably 6% or less. 

It becomes possible to accurately control a discharge amount of ink by controlling 
in-plane variation in thickness as described above, thus making it possible to realize a 
printing head and an ink jel printer, capable of printing with higher speed, higher resolution 
and higher accuracy. 

10 As shown in Fig. 4„ in-plane variation in thickness as used herein docs not average 

a difference between site provided with on individual electrode 6 and site provided with no 
individual electrode, but is determined by a comparison between sites provided with an 
individual electrode 6 and a comparison between sites provided with no individual 
electrode 6, and averages distribution of thickness that may be the same in view of design. 

15 The piezoelectric layer 4 constituting the displacement element 7 is preferably 

made of a material having a perovskite crystal structure, such as lead zirconate titanate 
compound, lead titanate compound or barium titanate compound. Among these materials, 
a PbZrTi0 3 (PZT) compound is particularly preferable because it enables larger 
displacement. The piezoelectric layer 4 may be composed of a single layer or plural 

20 layers. The thickness uf the individual electrode 6 and the coiiuuoii electrode 5 may be 
the same as in aforementioned embodiment 

With such a constitution, since in-plane variation in thickness of the laminated 
piezoelectric pile is suppressed, variation in displacement of a lot of displacement elements 
7 constituting The laminated pie^oftlecrric pile are ftiippresttri, thus making it possible to 

25 manufacture a printing head shown in Fig. 2. Consequently, it is made possible to realize 
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a printing head suitable for ink jet printing, that is less likely to cause non-uniform 
discharge and has high quality. 

Variation in displacement is determined by die following procedure. Thai is, all 
displacement elements 7 ore driven by successively applying a predetermined voltage and 
S the displacement of each displacement element is measured, and then an average value is 
calculated. After determining a* maximum difference between the respective measured 
data and an average value, the maximum value is divided by the average value to nhtain 
variation in displacement. The displacement of each displacement element 7 in the 
laminated piezoelectric pile is measured at random ten points using a laser Doppler 

10 vihrometer and a maximum difference between the respective measured data and an 
average displacement is divided by the average displacement, thus making it possible to 
evaluate variation in displacement. 

A printing head shown in Fig. 5 has such a structure tliul an actuator 11 is 
provided on a flow passage member 13 comprising a plurality of ink flow passages 13a 

15 composed of grooves and partition walls 13b that partition the ink flow passages 13a- 
Thc actuator 11 has such a structure that a displacement element 17 is disposed on a 
pieweleeiric substrate 7.1 comprising piezoelectric ceramics layer 2 la laminated one on 
another so that an individual electrode 1 6 is disposed right on the ink flow passages 13a. 

Now die method of manufacturing the actuator (laminated piezoelectric pile) will 

20 be described below. First, iL is impurUmL lhaL an average grain size of a piezoelectric 
ceramic powder is preferably 1 m or less, more preferably 0.7 m m or less, and most 
preferably O.S jl m or lass. Ry sening The average grain size to 1 ;i m or less, activity 
upon sintering is enhanced and the sintering temperature can be decreased. In case of the 
piezoelectric ceramics containing Pb, when the sintering temperature decreases, lead is 

25 evaporated and in-plane variation in composition is reduced, thus making it possible to 
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reduce variation in displacement of the displacement element 

A stock material powder and an organic binder component are mixed to prepare a 
slurry for formation of a tape (mixing step). Then, a green sheet is funued by a general 
tape forming method such as roll cooler method, slit coatcr method or doctor blade method 
5 using the slurry for formation of a tape obtained in the mixing step (forming step). 

It is important to press the green sheet obtained in the forming step (pressing step). 
As the pressing step, a known method can he employed. Ft is particularly preferable to 
employ a pressing method* plane pressing method or hydrostatic pressing method, which 
enables it to achieve uniform thickness. As described above, variation in thickness of the 
10 tape can he reduced by pressing the green sheer after forming. The dried tape include 
pores formed after evaporation of the slurry solvent and variation in thickness of the tape is 
caused depending on the size of pores. By collapsing the pores by pressing, uniform tnp 
is obtained and also variation in thickness is reduced. 

The pressure during the pressing step varies depending on the composition of the 
15 material, the amount of the organic binder and the thickness of the green sheet, and is 
preferably from 10 to 100 MPo, more preferably from 20 to 50 MPo, and most preferably 
Irom SO to 41) MPa, so a* to reduce variation in thickness of the green sheet; thereby to 
achieve uniform thickness and to increase green density. 

When the temperature during the pressing step is too high, excess deformation 
20 due lo pressing sometimes occurs. The temperature varies depending on ihu kind of the 
binder, but is 30°C or lower, preferably 250°C or lower, more preferably 200°C or lower, 
and most preferably \5Q°C nr lower, sn as to impart proper viscosity to the hinder and tn 
remove pores. The lower limit of the temperature is 0°C, preferably 20°C, more 
preferably 35°C, and most preferably 50°C. 
25 The surface of a mold to be pressed may be subjected to a surface treatment, or 
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pressing may be conducted after disposing a release sheet on the surface of the tap. There 
can also be employed a pressure adjusting mechanism that enables uniform in-plane 
pressure. 

Such a pressing treatment has not only the effect of removing pores but also the 
5 effect of increasing green density, and can increase the contact area between ceramic 
particles. As a result, the sintering rate increases and also the sintering temperature can 
be decreased because of fine particles. With regard to piezoelectric ceramics containing 
lead, it is made possible Lo suppress evaporation of lead during sintering and variation in 
composition, and thus making it possible to suppress variation in displacement 
10 It becomes easier to reduce variation in thickness of the laminate and variation in 

thickness of the sintered body by setting variation in thickness of the respective green 

sheets obtained in the pressing step to 1 5% or less, especially 10% or less. 

Then, electrodes arc formed on a portion of Lhe green sheet obtained in the 

pressing step. That is, a common electrode and an individual electrode are formed by a 
15 known method such as printing method. If necessary, via holes and via conductors are 

formed to connect between electrodes. 

The resulting green sheets (with or without electrodes, with via holes) are 

laminated with a desired layer configuration and then mutually adhered to obtain a 

laminated green compact (laminating step). Examples of the adhering method include a 
20 method of using a solution containing an adhesive component, a method of adhering by 

imparting adhesion to an organic binder component in the green sheet with heating, and a 

method of adhering only hy pressing. 

After an organic component in the laminated green compact obtained in the 

laminating step is optionally removed by a debinding treatment, the laminated green 
25 compact is fired in an oxygen atmosphere to obtain a laminated piezoelectric pile 



2003^11 S 24B (E ) 17:09 FUKAI&CO 



(FAX) 08 6920 1380 



P. 033/084 



28 

(laminating step). 

As the method of removing the organic component, there can be employed a 
method of subjecting to a heat treatment using u temperature pattern suited fur thermal 
decomposition behavior of the organic component to be removed. The firing atmosphere 
5 preferably has an oxygen content of 80% or higher, and more preferably 90% or higher. 
In case of firing piezoelectric ceramics containing Pb, an oxygen partial pressure increases 
by increasing the content of oxygen as a soluble gas, thereby to suppress decomposition 
and evaporation of lead and to decrease an internal pressure of pores, and thus formation of 
voids is suppressed by shrinkage of pores. 
10 The use of the method comprising these steps makes it possible to suppress 

variation in composition and to reduce pores. Thus, a laminated piezoelectric pile made 
of a thin sintered body having a thickness of 100 /i m or less with less in-plane variation 
in displacement can be provided and the resulting laminated piezoelectric pile can be used 
for a printing head of an ink jet printer. 

15 <Third Embodiments 

Now the method of manufacturing the actuator of this embodiment will be 
described hclow in the case nf using P/.T as piftsmelectric ceramics, by way of ftxampla. 
First, a PZT powder having purity of 99% and an average particle size of 1 ju m or less is 
prepared as the material to make the piezoelectric ceramics. 

20 A mixture of the PZT powder and an organic binder is formed into a tape and the 

tape is coated with an Ag-Pd paste that makes the internal electrode on a desired part 
thereof. Then, via holes are formed on a desired part thereof and electrodes are formed 
inside the via holes. The resulting green sheets are laminated one on another and 
optionally cut into a specific shape. 

25 To fire the resulting green compact, the green compact is put in a firing furnace 
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while being placed on a jig. An example of arrangement is shown in Fig. 6. A 
. supporting member 203a is disposed on a setter 201 via a spacer 202 and a green compact 
205 is disposed on Che supporting member 203a, Thereby contacting the supporting member 
203, whose has porosity of 1 % or less and flatness of 20 u. m or less, with the green 
5 compact 21 IS. 

if the jjyrccu compact 205 is disposed on die supporting member 203a, a member 
to be disposed on the green compact 205 is not limited and, for example, a porous material 
may be disposed It is preferable that a supporting member 203b having the same surface 
as that of the supporting member 203a is placed while interposing the green compact 205 
10 between a p*" r of supporting members 7.01a, 2(Hh, whereby, variation in composition nan 
be effectively suppressed and flatness of 20 m in or less can be easily achieved. 

As the supporting members 203a, 203b, substantially the same supporting 
member as in the first embodiment is used. 

In case of firing a plurality of laminated green compacts, as shown in Fig, 7, a 
Lti plurality of supporting members 213 and green compacts 215 are alternatively laminated 
on a setter 211 via a spacer 212. As the supporting member 213, substantially the same 
supporting member as in the first embodiment is used. 

A surface electrode 6 is formed on the surface of the resulting sintered body, 
followed by polarization, thus making it possible to obtain an actuator. 
20 When employing such a method, deformation of the piezoelectric ceramics caused 

by variation in shrinkage during firing can be reduced even in case of manufacturing an 
actuator comprising a thin layer having a thickness of 100 jum or less. Therefore, 
residual stress produced when fi*ed to a supponiug member such us flow passage member 
and the d constant of a lot of displacement elements constituting the actuator becomes 
2G uniform, thus making it possible to remarkably reduce variation in displacement. Also 



2003^11 ft 24B (S ) 17:09 FUKAI&CO 



(FAX) 08 6920 1380 P. 035/084 



30 

characteristics with higher speed and higher accuracy can be improved by applying the 
actuator to a printing head of an ink jet printer. 

The following examples further illustrate the maimer hi which the present 
invention con be practiced It is understood, however, that the examples are for the 
5 purpose of illustration and the inventions arc not xo be regarded as limited to any of the 
specific materials ur condition therein. 

Example I 

First, a powder of piezoelectric ceramic material containing lead zirconate titanate 
10 having, purity of 99% or higher was prepared as the stock material. The piezoelectric 
ceramic powder containing lead zirconatc titanate as a main component was mixed with 
butyl methacrylate used as an aqueous binder, ammonium polycarbonate used as a 
dispcrsant and isopropyl alcohol and water used as solvents, to obtain a slurry. The slurry 
was spread over a carrier film by a doctor blade method to form a green sheet having a 
15 thickness of about 30 um. 

Using powders of various piezoelectric ceramic materials, green sheets were 
formed in the same manner. Also a pasie ro rnrm the internal electrode was prepared. 
The resulting paste was applied to the surface of the green sheet to a thickness of 4 m m 
by printing, thereby forming an internal electrode. A green sheet with the side on which 
20 the internal electrode was primed facing upward was interposed between two green sheets 
without any internal electrode printed thereon, and pressed to obtain a laminated green 
compact. 

The laminated green compact, after being debinded, was interposed between a 
pair of supporting members, as shown in Fig. 1 (b), and a flame was disposed around the 
25 laminated ween compact to form a sealed space. The laminated jyrccu compact was put 
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in a filing furnace in this state. 

In case the supporting member is made of zirconia, stabilization degree was 
determined. The stabilization degree indicates the proportion of a cubic crystal in the 
entire crystal phase. Specifically, peak intensity was measured by X-ray diffraction 
5 (XRD) and the stabilization degree was calculated from the following equation: 

Stabilization degree - 100 X Vm/Vc 
where Vm and Vn respectively denote a volume fraction of a monocline crystal and a 
volume fraction of a cubic crystal, and are represented by the following formulas: 

Vm = (Im (111) + lm (ll-l))/(lm (lll) + lm (11-1) + lt (111) + 1c (111)) 
10 Vc = lc (400)/(lc (400) + It (400) + It (004)) 

where 1 denotes on integrated intensity (peak intensity) of the respective reflection planes, 
and the symbols m y t and c respectively denote a monocline crystal, a tetragon crystal and a 
cubic crystal. 

The porosity of the supporting member was measured by image analysis of a 
15 microphoiograph (magnification: X200) of the mirror-polished surface. The flatness 
was determined by the following procedure. That is, a sample was scanned in a major 
axis direction of a jig and a direction perpendicular to the direction using a combined 
apparatus of a laser focus displacement meter and an X-Y stage (manufactured by 
KEYENCE CORPORATION) and a largest value among values obtained from a difference 
20 between a maximum value and a minimum value was taken as the flatness. The average 
grain size G was calculated by the equation: 
G«1.5 X L 

where L denoted an average section length of a SEM microphotograph of a sample 
obtained by mirror-polishing and etching with boiling phosphoric acid. 
25 With regard to volumes VI, V2 and V3 of the scaled space, upper supporting 
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member and green compact, VI and V2 were determined by an Archimcdian method. V3 
was determined by size of the green compact 

Surface flatness Ra of the surface of the supporting member was determined by 
the following procedure. That is, an area measuring 100 /xm X 100 /xm was scanned 
5 using AFM and Ra was expressed by an average value of values measured at random live 
points in the surface. 

It was confirmed by qualitative analysis using energy-dispersive X-ray 
microanalysis (EDS/EPMA) whether Ihe surface of ihe supporting member contains Pb or 
not 

10 Piezoelectric ceramics comprising a piezoelectric layer and an internal electrode 

were manufactured by firing the green compact in an atmosphere containing 99% or more 
of oxygen at 1000 U C for samples Nns. 1-1 to M4, 1 131I*C for a sample No. 1-55, and 
1200°C for samples Nus. 1-56 to 58, for iwo hours. 

For Sample No. 1-59, a spacer having a thickness of 600 p. m was disposed on a 
15 porous supporting member and., after disposing the other porous supporting member 
thereon, a laminated green compact was disposed between upper and lower supporting 
mem hers and then put in a firing furnace. 

The resulting piezoelectric ceramics were evaluated in the following manner. 
The thickness of the actuator was measured by a micrometer and the surface 
20 roughness Ra of the actuator was measured by a probe type surface roughness meter. 

The surface un evenness was determined by the following procedure. That is, a 
sample was scanned in an area measuring 2 mm in length and 2 mm in width using a 
combined apparatus of a laser focus displacement meter and an X-Y stage, manufactured 
by KEYENCE CORPORATION, and then a difference between n maximum value and a 
25 minimum value was calculated and taken as the surface uncvenncss. 
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The flatness of the piezoelectric ceramics was determined by the following 
procedure. That is, a sample was scanned frnm one end to the other end using a 
combined apparatus of it laser focus displacement meter and an X-Y stage, and then a 
change in height was determined and taken as the flatness. 
5 li was confirmed by qualitative analysis using EDS/EPMA whether the surface of 

the supporting member contains Ag or not 

Then a surface electrode was formed on one surface of the resulting piezoelectric 
ceramics by applying Au paste using a screen printing method and firing at a temperature 
from 600 to 800°C in air atmosphere. 600 points of the surface electrode were formed on 
! 0 one substrate. 

The dielectric constant c was calculated by the thickness of the piezoelectric layer 
measured by a scanning elftctric microscope (SfiM), the area of the surface electrode 
measured by a microscope manufactured by KEYENCE CORPORATION, and the 
electrostatic capacity at 1 kHz measured by an impedance analyzer (4 194 A, manufactured 

15 by Agilent Technologies). 

Variation in dielectric constant was determined by the following procedure. That 
is, the dielectric constant of all surface electrodes was measured, and then Cva (o/Av) was 
calculated from dispersion (a) and an average value (Av) and Ac resulting value (%) is 
taken as variation in dielectric constant 

20 The piezoelectric constant was determined by the following procedure. That is, 

d 31 was measured at ten points by a resonance method using an impedance analyzer 
(4I94A, manufaciured by Agilent Technologies) and its average value was calculated. 
Then a difference between the respective measured values of d 31 and the average value was 
calculated and the maximum value was divided by the average value and the resulting 

25 value (%) was taken as variation in da,. 
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Displacement was measured using a displacement element 37 shown in Fig. 8, 
that was made so that the actuator 31 obtained above is bonded with a supporting member 
33 comprising grooves 33a and partition walls 33b, a piezoelectric vibration layer 34 being 
interposed between on internal electrode 35 and surface electrodes 36. The actuator was 
ft irradiated with laser beam on the side of a supporting substrate 33 through the groove 33a 
by means of a laser Dopplcr displacement meter, so as to measure displacements at the 
center and seven points along the periphery of the groove 33a of the supporting substrate 
33, and ihe displacements were averaged. The results arc shown in Tabic 1 and Table 2. 
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♦ 

Samples Nos. 1-1 to 4, 1-6 to 9, Hit 44 and 1-46 to 59 for which Pb2rTi0 3 
(PjCV) was used as a main component of the piezoelectric magnetic material showed 
variation in d,, uf 1 0% or less and displacement of 70 nm or more because. 

Sample No. 1-5, that shows large variation in dielectric constant of 7% because a 
5 firing jig comprising a supporting member having large porosity of 6-5% was used, showed 
significant variation in d 3l of 12%. Sample No. 1-10, that shows large variation in 
dielectric constant of K% because a firing jig comprising a supporting member having large 
flatness of 30 \l m was used, showed si^iiiicanl variation in d„ uf 14%. 

Sample No. 1-45 having a large total thickness of 1000 ix m (1 mm) showed very 
10 low displacement characteristic with a low displacement of 20 nm. 

Example II 

A lead Timonate titanate powder having a grain sise (1.150: average, grain size of 
powder) shown in Fin- 3 was prepared us a piezoelectric ceramic powder and then mixed 
with an aqueous acryl solution to prepare a slurry (mixing step). 
15 The slurry obtained in the mixing step was formed into a green sheet having a 

thickness of 20 \x m using a roll coater method (forming step). Then, the green sheet 
obtained in the forming step was pressed under the pressing conditions shown in Table 1 
using a roll pressing method, plane pressing method or hydrostatic pressing method 
(pressing step). 

20 On ihe green sheet obtained in the pressing step, an internal electrode (common 

electrode) having a thickness of 5 m and a surface electrode (individual electrode) 
having a thickness of 5 ;x m were formed hy a printing method using Ag-Pd elecrrode 
paste (Ag:lM = 70:30). The green sheet with the surface electrode formed thereon, as an 
upper layer, and the green sheet with the surface electrode formed thereon, as a lower layer, 

25 were laminated according lo the layer configuration shown in Fig. 4 and (hen pressed 
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under a pressure of 1 5 MPa to obtain u laminated green compact (laminating step). 

l ; inaily r the resulting laminated green compact was dehinded in an air at 45fJ°C for 
five hours and then fired in an oxygen atmosphere at the temperature shown in Table 3 for 
two hours to obtain a laminated piezoelectric pile (firing step). 
5 The thickness of the respective layers and the Loud thickness of the laminated 

green compact were measured by a micro photo graph of a cross section of the resulting 
laminated piezoelectric pile taken by a scanning electron scope (SEM). To examine in- 
plane variation in thickness of the laminated green compact, the thickness was measured at 
random twenty points. An values measured at twenty points was averaged and a 
10 difference between a maximum value and a minimum value was calculated and a largest 
value among values obtained Jrom a difference between a maximum value and a minimum 
value was taken as variation. The results are shown in Table 3. 

d3i of the actuator was determined in the same manner* as in E xam ple 1 . 
The results arc shown in Tabic 3. 
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Samples N s. II- 1 to 4, 1-6 to 7, and II-9 to 33 showed variation in thickness f 
the entire actuator of 8% or less and vnrinrinn in d constant of ! 0% or less. 

To the contrary, Sample No. II-5, that shows large variation in thickness T of the 
actuator of 12% because the stock material has a large grain size of l.S jim, showed 
5 significant variation in d constant of 15%. Sample No. n-8, thai shows large variation 
in thickness T of the actuator of 14% because of including no pressing step, showed 
signi licant variation in d constant of 1 9%. 

Sample Nu. TT-34 comprising an actuator having a large thickness of ISO ^ in 
showed variation in total thickness of 5%, but showed a small d constant of 199 pm/V and 
10 variation in d constant of 11 %. 

Example HI 

The actuator of the present invention was manufactured and bonded onto the 
supporting subslxulc 33 shuwu in Fig. 8. 

First, a powder of piezoelectric ceramic material containing lead zirconatc titanate 
15 having purity of 99% or higher was prepared as the stock material. The piezoelectric 
ceramic powder containing lead zirconatc titanate as a main component was mixed with 
butyl methacrylate used as an aqueous binder, ammonium polycarbonate used as a 
dispcrsant and isopropyl alcohol and water used as solvents, to obtain a slurry. The slurry 
was spread over a carrier film by a doctor blade method to form a green sheet having a 
20 thickness of about 30 urn. 

Using powders of various piezoelectric ceramic materials, green sheets were 
formed in the same manner. Also a paste to form die internal electrode was prepared. 
The resulting paste was applied to the surface of the green sheet to a thickness of 4 /x m 
by printing, thereby forming an internal electrode. A green sheet with the side on which 
25 the internal electrode was printed facing upward was interposed between two green sheets 
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without any internal electrode printed thereon, and pressed to obtain a laminated green 
compact. 

The laminated green compact, after being debinded, was interposed between a 
pair of supporting members, as shown in Fig. 6, and then put in a firing furnace while 
5 being interposed between supporting members (Ul). For Sample No. ITT-10, a spacer 
having a thickness of 600 jx m was disposed on a porous supporting member and, after 
disposing the other porous supporting member thereon, a laminated green compact was 
disposed between upper and lower supporting members and then put in a firing furnace 
(d2). 

10 Piezoelectric ceramics comprising a piezoelectric layer and an internal electrode 

were manufactured by firing such a green compact in an atmosphere containing 99% or 
more of oxygen for two hours at a temperature shown in Table 4. Then a surface 
cleclrodc was Tunned on one surface of the resulting piezoelectric ceramics by applying Au 
paste using a screen printing method and tiring at a temperature from 600 to 800°C in air 

15 atmosphere. 600 points of Ihc surface electrode were formed on one substrate. 

The porosity of the resulting piezoelectric substrate was determined by the 
following procedure. That is, a sintered body was cut and its cross section was miirar- 
polishcd. Then, an area of pores in a predetermined area was determined while observing 
by a microscope and the porosity was calculated. The flatness was determined by scanning 

20 from one end to other cud of the piezoelectric substrate to measure the variation of height 
d 3 , of the actuator was measured in the same manner as in Example L 
Displacement was measured using a displacement clement 37 shown in Fig. 8, 
that was made so that the actuator 3 1 obtained above is bonded with a supporting member 
33 comprising grooves 33a and partition walls 33b, a piezoelectric vibration layer 34 being 

25 intcrp scd between an internal electrode 35 and surface electrodes 36. The actuator was 
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irradiated with laser beam on the side of a supporting substrate 33 through Ac gr ovc 33a 
by means of a laser Doppler displacement meter, so as to measure displacements at the 
center and seven puinls along (lie periphery of die groove 33a of die supporting substrate 
33, and the displacements were averaged The results are shown in Table A . 

The thickness of the actuator was measured by a micrometer, while the surface 
roughness of the supporting member and actuator was measured by a probe type surface 
roughness meter. As the supporting member, those shown in Table 4 were used. 
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Tabla 4 





Supporb'nir member 


Process 


Actuator 


Samplo 








rorooivy 


Finn* 




Whole 


Surfooc 


d ai 




No. 


Kind 


Temperature 


Arrangement 


Thickness 




Ra 


Mean 


Variation 


D J Rpln ftn mt»r& 






i/m 


Urn 


% 


•c 




lim 


Flatness 


pm/V 




nrn 


m— i 


A 


10 


2 


0,00 


1000 


dl 


60 


10 


2.5 


253 


5 * 


72 


m-2 


A 


15 


2 


o.na 


1000 


dl 


60 


15 


2_5 


254 


R 


73 


m— 3 


A 


20 


2 


0.06 


1000 


d1 


00 


20 


2.5 


252 


Q 


71 


+ m 4 


A 


30 




0.08 


1000 


dl 


60 


30 


2.5 


254 


27 


72 


m-5 


A 


15 


2 


0.03 


1000 


dl 


W 


15 


2.5 


251 


5 


71 


m— e 


A 


15 


2 


0.1 


1000 


dl 


80 


15 


2.6 


263 


0 


73 


in -7 


A 


15 


2 


0.5 


1000 


H1 


60 


15 




253 


0 


73 


nr-8 


A 


15 


2 


1 


1UUU 


dl 


60 


15 


23 


232 


1 ft 

1 u 


7d 


* m— 9 


A 


15 


2 


3 


1000 


dl 


60 


25 


5 


•mG 1 




72 


* nr-10 


A 






1fi 


inno 


d2 


60 


48 


1 7 


1 50 


4S 


UU 


m-11 


A 


15 


0.5 


0.05 


1000 


dl 


60 


15 


0.7 


251 


5 


71 


m-12 


A. 


15 


1 


0.05 


1000 


dl 


60 


IS 


1.2 




c 

o 


73 


ro-m 


A 


15 


1.5 


0.05 


1000 


dl 


60 


15 


2 


252 


8 




m-14 


A 


15 


2.5 


0.05 


1000 


J1 


CO 


15 


3 


254 


10 


72 


m— 15 


A 


15 


3 


0.08 


1000 


d1 


fin 


15 


3.6 


248 


15 


70 




A 


15 


2 


0.08 


1UUU 


dl 


40 


15 


2.5 


255 


5 


74 




A 


15 


2 


0.00 


1000 


d1 


60 


16 


2.5 


256 


6 


73 


m-ia 


A 


15 


? 


0.08 


1000 


dl 


60 


15 


2.5 


255 


5 


/l 


m-19 


A 


15 


2 


0.05 


1000 


d1 


100 


15 


2.5 


254 


6 


70 
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A 


15 


2 


0.08 


1000 


dl 
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15 


2.5 


?53 


5 


?0 


1U-21 


A 


15 


2 


0.08 


900 


dl 


60 


15 


2.3 
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8 


72 
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A 


15 


2 


0.08 
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dl 


60 


15 


2.5 
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7 


73 


n-23 


A , 


15 


2 


0.08 
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dl 


bU 


15 


2.5 
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5 


74 




B 


15 


2 


0.08 
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dl 


60 


15 


2.5 
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5 


72 
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0 


15 


2 


0.08 
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d1 


so 


15 


2.5 
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6 


73 




D 


15 


2 


0.06 
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dl 


60 


15 


2.5 
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4 


74 


nr-27 


E 


15 


2 


0.08 
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d1 


60 


15 


2.5 


255 


5 


70 
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F 


15 


2 


0.08 
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dl 


DU 


15 


25 
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5 
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G 


15 
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d1 


CO 


15 


2.5 


253 


6 


72 


m-30 


H 


15 


2 


0.08 
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d1 


60 


15 


2.5 


253 


5 


73 


n-3i 


I 


15 
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0.08 


1UUU 


dl 


60 


15 


2.5 
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6 


74 


m-32l 


J 


15 


2 


0.06 


1000 


dl 


GO 


15 


2.5 
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4 


74 ! 



Semole numbers markod with * ore not within the scope of the present invention. 

A: Zircoruu F. Dismuth layer structuerd eompeundCSrc^TijOis) 

B: Spinel G: Tungsten bronze structure compnunri (Sr K N*Nh 5 O t5 ) 

C: Magnesia H: .Pb— type Perovskite structure compound(PZT) 

D ; MulliUs I ; Nb type Perovskrte structure compound(NoNb0 3 ) 

E; Ahjmirw J: Ta— type Perovskite stnictnrn rnmnr»unH(l ITaO,) 
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Samples Nos. HI- 1 to 3, 1D-5 to 8, 111-11 to 19 and m-21 to 32 showed variation 
in d 31 of 15% or less and displacement of 70 nm or more. 

Sample No. m-4 comprising a supporting member having large flamess of 30 u 
m, showed significant variation in da, of 27%. Sample No. m-20 having a large total 
5 thickness of 1000 u m (1 mm) showed very low displacement characteristic with a low 
displacement of 20 nm. 

Sample No. HI-9 comprising a supporting member having large porosity of 3%, 
showed significant variation in d^ of 30%. Sample No. iU-10 wherein a green compact 
was disposed between supporting members using a spacer, showed large flatness of 48 ft ' 
10 m. 

Although the present invention has been described in relation to parduular 
emboriiments thereof, many other variation and other uses will become apparent to those 
skilled in the art. Therefore, the present invention is to be limited not by the specific 
disclosure herein but only by the appended claims. 
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